Objective. The purpose of this study was to examine the association of the alpha-actinin-3 (ACTN3) R577X polymorphism on muscle function and physical performance in older adults.
T WIN studies indicate that muscle function phenotypes are highly heritable (1, 2) , and various candidate genes have been studied to explain some of the high interindividual variability observed in these phenotypes (3) . However, only a small number of genes containing single nucleotide polymorphisms (SNPs) have been identified as candidate genes for explaining this variability.
Alpha-actinin-3 (ACTN-3), a structural protein in type II skeletal muscle fibers, is associated with physical performance (4) (5) (6) (7) (8) . Recent data suggest that the R577X SNP in the ACTN-3 gene (ACTN3) explains some of the inter-individual variability in muscle functioning in older adults (9) , although not all studies agree (10) . The R577X SNP results from a C-to-T transition at position 1747 in exon 16 that substitutes an arginine residue at codon 577 for a premature stop codon (11) . X-homozygotes fail to express ACTN-3, but this is not known to be associated with any disease phenotype (12) . Nevertheless, the lack of ACTN-3 expression has been associated with athletic performance (5, 13) .
Although few studies have been reported that have examined the association of the ACTN3 R577X polymorphism in older adults, studies in younger athletes show that ACTN-3 is associated with better performance in athletes who are engaged in muscle power-dependent sports (5, 7, 8, 13) . In addition, data from cross-sectional studies show that young adult X-homozygotes have lower strength than heterozygotes (4) and R-homozygotes (14) . Moreover, we recently reported that the R577X polymorphism is associated with muscle power response to strength training in older adults (9) . However, there were no differences in muscle size, strength, or muscle power at baseline; these findings agreed with those of a previous report (10) . Nevertheless, that study was limited by a relatively small sample size.
The influence of the ACTN3 R577X polymorphism on skeletal muscle and physical functioning in older adults has not been thoroughly examined in a large epidemiologic cohort. Additionally, no reports have addressed the potential impact of this polymorphism on age-related changes in these phenotypes. Thus, the purpose of this study was to determine the association of the ACTN3 R577X polymorphism with muscle traits and physical functioning in a large cohort of older adults and to determine the association of this polymorphism with age-related declines in these phenotypes.
METHODS

Participants
The Health, Aging and Body Composition (Health ABC) Study is a longitudinal, observational study of 3075 wellfunctioning men and women between the ages of 70 and 79 years. White participants were recruited in 1997-1998 from a random sample of Medicare enrollees in Memphis, Tennessee, and Pittsburgh, Pennsylvania. Fiftytwo percent of the participants were women, and 41% were black. Eligible participants had no self-reported difficulty walking one-quarter mile, climbing 10 steps, and performing activities of daily living; did not report using a walking aid; and were free of cancer under active treatment. Each institutional review board (IRB) approved the protocol, and all participants gave written informed consent for study participation.
Although we performed preliminary analyses on all participants, there was a very strong racial influence on many of the phenotypes of interest in both men and women. Combining black and white participants appeared to result in spurious associations between the association of the ACTN3 R577X polymorphism and some skeletal muscle phenotypes. This racial difference in skeletal muscle phenotypes has previously been observed in the Health ABC cohort (15) . Moreover, of the 868 black participants, there were only 38 X-homozygotes for baseline analyses and 19 X-homozygotes for 5-year changes. The exclusion of blacks from the present analysis resulted in a sample size of 1794 white participants.
Of the 1794 remaining participants, some were excluded from the present analysis because of missing genotype (n ¼ 234) or phenotype (n ¼ 193) data. Thus, baseline analysis was conducted on the remaining 1367 participants (726 men and 641 women) who had complete data. Because these measures required a 5-year follow-up visit, there was some loss to follow-up (n ¼ 372).
A second cohort of men from the Osteoporotic Fractures in Men (MrOS) Study was also studied. The MrOS Study is a multicenter, observational, longitudinal study of 5995 community dwelling, ambulatory men 65 years old or older (16, 17) . To be eligible, men had to be able to give informed consent, walk without assistance, not have a bilateral hip replacement, be able to give self-reported data, and not have a medical condition that would have resulted in imminent death (16, 17) . A subset of men (n ¼ 1201) from the Pittsburgh and Minneapolis centers form the basis of the current analysis. Although there were some nonwhite participants in the current MrOS sample (n ¼ 49), including only one X-homozygote, we decided to exclude these participants because of their small number. The MrOS Study was approved by the University of Pittsburgh and the University of Minnesota IRBs, and written informed consent was obtained from all participants. The MrOS Study included a 4-year follow-up visit, so there was some loss to follow-up (n ¼ 124).
Outcomes-Health ABC Study
Thigh cross-sectional area.-In the Health ABC Study cohort, midthigh cross-sectional area (CSA) of the right leg was measured at baseline and after 5 years at the level of the midfemur using computed tomography (CT) as previously described (18) . Briefly, a single 10 mm-thick axial image (120 kVp, 200-250 mAs) of the right thigh was acquired at the midpoint of the distance between the medial edge of the greater trochanter and the intercondyloid fossa. The total area of nonadipose and nonbone tissues within fascial border was used as a quantification of muscle area (cm 2 ).
Knee extensor torque.-Average isokinetic knee extensor muscle torque (MT, N-m), was measured at baseline and after 5 years using a Kin-Com 125 AP Dynamometer (Chattanooga, TN) at 60 degrees per second on the right leg, and the mean of the three most replicable and satisfactory trials of a limit of six attempts was used. When MT of the right leg was not available or valid because of knee replacement or pain, MT of the left leg was used in all analyses and was matched with the left leg thigh CSA for calculation of muscle area and muscle quality. Muscle quality was defined as MT/midthigh muscle CSA and was calculated at baseline and after 5 years.
Self-reported functional limitation.-Incident persistent lower extremity limitation (PLL) was assessed and defined by self-reported difficulty walking one-quarter mile or climbing 10 steps without resting at two consecutive 6-month intervals. Incident PLL was assessed over a 5-year follow-up period by telephone interviews and annual clinic visits. Because of the study exclusion criteria, no participants had baseline lower extremity limitation.
Physical performance.-Physical performance was evaluated at baseline and after 5 years using the Established Populations for Epidemiologic Studies of the Elderly (EPESE) short physical performance battery (SPPB) using previously described methods (19, 20) . The SPPB included five chair stands and tests of gait speed and standing balance.
In addition, participants were also asked to walk 400 meters after a 2-minute warm-up using methods described elsewhere (21) . Standard vocal support was given during the test, and time to complete the test(s) was recorded.
Outcomes-MrOS
In the MrOS cohort, thigh fat-free mass (FFM, kg) was measured using dual-energy x-ray absorptiometry (QDR 4500; Hologic, Waltham, MA). Physical performance was assessed during the baseline examination, during a single baseline visit. Rigorous centralized training, examiner certification in protocol administration, and periodic protocol review during the course of the study were used to ensure consistency in the measures of physical performance.
Grip strength (kg) was measured in both hands using a Jamar handheld dynamometer (Sammons Preston Rolyan, Bolingbrook, IL) (22) . The maximum effort from two trials of both hands was analyzed. Participants with a recent injury or new weakness in the hands or wrists could elect to skip this assessment, in which case they were considered unable to complete the grip strength assessment.
Leg power (W) was measured using the Nottingham Power Rig (23, 24) . Participants completed up to nine measurements on each leg separately; the overall maximal leg power from both legs was analyzed. In an analysis of a small subsample of the MrOS participants (n ¼ 55), test-retest reliability was estimated. Coefficients of variation (CVs) for between-examiner consistency ranged from 2.6% to 3.5%, and the CVs representing the combination of withinexaminer variance, within-participant variance, and machine variance were ,11%. Leg muscle power quality was calculated as power/thigh FFM (W/kg).
Time to complete a walking course (s) was determined from the better of two attempts of usual walking pace over 6 meters. The walking attempts were completed consecutively without a rest between attempts. Finally, the time to complete a five-chair-stand test without using the arms was measured (16) . Each participant was asked to rise from a standard chair once without using his arms to stand. If the participant was unable to do this, he was considered unable to complete a single chair stand. If he was able to rise one time successfully, he was then asked to rise from a chair five times without using his arms; time to complete the five chair stands was recorded.
Genotyping
Genotyping for the ACTN3 R577X variant (dbSNP rs 1815739) was done using a TaqMan allele discrimination assay that used the 59 nuclease activity of Taq polymerase to detect a fluorescent reporter signal generated during polymerase chain reactions (PCRs) as previously described (4). Both alleles were detected simultaneously using allelespecific oligonucleotides labeled with different fluorophores, and R577X genotype was determined by the ratio of the two fluorophores used.
Potential Confounders and Effect Modifiers
In both cohorts, potential confounders and effect modifiers of the association between ACTN3 R577X genotype group and muscle function, physical performance, and incident PLL were assessed. These included baseline age, body mass index, smoking status, alcohol use, comorbidity, level of physical activity, study site, baseline values, and change in body weight (for longitudinal analyses). In addition, cross-sectional data were adjusted for medications (ace inhibitor, diuretic, androgen, and anti-inflammatory use) that could have had an influence on muscle phenotypes.
Smoking status was defined as never, previous, or current smoking at baseline. In the Health ABC cohort, alcohol use was defined as self-report at baseline of less than one drink per week, one to seven drinks per week, more than one drink per day, or none. In the MrOS cohort, alcohol use was defined by self-report at baseline of none, less than two drinks per week, or two or more drinks per week. Comorbidity in the Health ABC cohort was examined by summing the total of 11 conditions at baseline, assessed by self-report and validated with medication review, and grouping those with none, one, two, or three or more conditions. Comorbidity in the MrOS cohort was determined by summing eight conditions at baseline with a grouping that was the same as in the Health ABC Study. In the Health ABC cohort, physical activity was defined using the caloric expenditure (25) in the past week at baseline for self-reported walking, climbing stairs, and exercise. In the MrOS cohort, physical activity was assessed using the Physical Activity Scale for the Elderly (PASE) (26) . Additional physical activity questions were used to assess walking for exercise, inactive time, and volunteer or paid employment (16). Analysis of variance (ANOVA) was used to test for overall group differences and the differences between R-homozygotes and heterozygotes versus X-homozygotes in the distribution of continuous variables. The chi-square test was used to test for differences in the distribution of categorical variables. Adjusted least-square mean values by ACTN3 R577X genotype for muscle and physical performance phenotypes were estimated in both cohorts using analysis of covariance (ANCOVA). For incident PLL, Cox's proportional hazards models were used while adjusting for potential confounders. Statistical significance was considered when the alpha was , 0.05. Analyses were conducted with SAS (version 9.1; SAS Institute Inc., Cary, NC).
RESULTS
Genotype Results
In Characteristics of the 1367 Health ABC participants by sex and ACTN3 genotype group are shown in Table 1 . In men, there was a significant difference between the three genotype groups only for physical activity (p ¼ .020). There were no differences between any of the other characteristics in men, and there were no differences in participant characteristics by ACTN3 genotype group in women. Table 2 shows the baseline participant characteristics of the 1152 men from the MrOS cohort by ACTN3 genotype group. There was an overall between-genotype difference only in weight, with heterozygotes weighing slightly less than R-and X-homozygotes (p ¼ .039). There were no other baseline characteristic differences between genotype groups in the MrOS cohort. Table 3 shows the adjusted baseline differences in muscle and performance phenotypes by sex and ACTN3 genotype in the Health ABC cohort. There were no adjusted differences between genotype groups in men or women for these phenotypes (all p . .05). Table 4 shows the mean baseline differences between ACTN3 genotype groups for muscle and performance phenotypes at baseline in the MrOS cohort. There were no adjusted differences between genotype groups for any of the phenotypes.
Five-year changes in muscle and performance phenotypes by sex and ACTN3 genotype in the Health ABC cohort are shown in Table 5 . In men, there was a significant difference across genotypes (p ¼ .030) for adjusted increases in 400-meter walk time. Individual genotype group comparisons show that adjusted 400-meter walk time in X-homozygotes increased to a greater extent than in R-homozygotes (p ¼ .008) and heterozygotes (p ¼ .075). These associations were not observed in women. There were no other differences between genotype groups for agerelated changes in muscle or performance phenotypes in men or women (Table 5) . Incident PLL risk in men and women in the Health ABC cohort by ACTN3 genotype group are shown in Table 6 . In women, R-homozygotes had a ;35% lower risk of adjusted incident PLL compared to X-homozygotes (hazard ratio ¼ 0.65, 95% confidence interval ¼ 0.44-0.94). There were no other adjusted or unadjusted differences for the risk of incident PLL between ACTN3 genotype groups in men or women.
Four-year changes in muscle and performance phenotypes by ACTN3 genotype in the MrOS cohort are shown in Table 7 . There were no differences between genotype groups for age-related adjusted changes in these phenotypes.
DISCUSSION
To our knowledge, this is the first study to examine the influence of the ACTN3 R577X polymorphism on a diverse array of important skeletal muscle and performance phenotypes in two large, well-characterized cohorts of older adults. Moreover, this study was also able to determine the influence of the ACTN3 R577X genotype on changes in these key phenotypes with at least 4 years of aging. Although the ACTN3 R577X polymorphism does not appear to influence baseline skeletal muscle phenotypes, our results indicate that the ACTN3 X-homozygous genotype may play a small role in hastening the decline in 400-meter walk time in men with age and may increase risk of functional limitation in women. Our findings do not support an extensive influence of ACTN3 genotype on typical muscle phenotypes and provide only weak support for a potential age-related influence on the decline of physical function in late life.
It is unclear why there were only differences in 400-meter walk time in men by ACTN3 genotype. Previous reports have shown that the ACTN3 genotype may be sex specific, with greater effects observed on skeletal muscle-related phenotypes in women (4, 5) . The results of the present investigation showing a difference in incident functional limitation in only women by ACTN3 genotype is consistent with the findings of those previous investigations. However, there were no other associations observed in women, which suggests that the influence of the ACTN3 genotype does not have a strong effect on these phenotypes. One possible explanation for the unexpected 400-meter-walk finding in Notes: Values are least square means 6 standard error of the mean adjusted for baseline age, study site, comorbidity, body mass index, alcohol use, smoking status, physical activity, androgen use, ace inhibitor use, diuretic use, and antiinflammatory medication use.
*Peak power of both legs using the Nottingham Power Rig. Notes: Values are LS least square means 6 standard error of the mean adjusted for baseline age, body mass index, alcohol use, comorbidity, smoking status, study site, physical activity, body weight change, and baseline values.
*Missing data points: 9 for muscle area, 2 for grip strength, 23 for muscle quality, 71 for 400-m walk, and 4 for SPPB.
y Missing data points: 11 for muscle area, 6 for peak torque, 33 for muscle quality, 75 for 400-m walk, and 6 for SPPB.
z Missing data points: 1 for muscle area, 14 for muscle quality, 30 for 400-m walk, and 1 for SPPB. § Missing data points: 6 for muscle area, 3 for peak torque, 5 for grip strength, 27 for muscle quality, 59 for 400-m walk.
k Missing data points: 5 for muscle area, 9 for peak torque, 43 for muscle quality, 90 for 400-m walk, and 2 for SPPB. men could be that there were a host of phenotypes examined, which could have led to a spurious association due to chance. Moreover, the 400-meter-walk results by genotype, although not significant, were in the opposite direction in women, and there was not a similar phenotype in the MrOS cohort to confirm the results in men. However, the association between changes in 400-meter walk time and ACTN3 genotype was in the expected direction, with X-homozygotes showing greater increases in walk time.
The lack of an association between the ACTN3 R577X genotype and baseline skeletal muscle traits is somewhat surprising given the recent findings that the ACTN3 R577X genotype has a significant influence on physical and muscle performance in younger cohorts and in athletes (5, 7, 8, 27) and based on the large sample size of the current study. However, the previously observed associations between the ACTN3 polymorphism and skeletal muscle-related phenotypes have been observed primarily in the presence of interventions such as exercise training (4, 9) . Although some cross-sectional reports also indicate an association between athletic performance and the ACTN3 genotype, these participants were highly trained athletes and may not be representative of the general population (5) (6) (7) (8) 28) . Nevertheless, our findings support those from smaller cross-sectional cohorts that the ACTN3 polymorphism does not explain a significant proportion of the variability in muscle phenotypes in older adults (9, 10) .
The considerable changes in skeletal muscle structure and physiology that occur with age may be at least a partial explanation for the lack of a significant relationship between skeletal muscle phenotypes and the ACTN3 R577X polymorphism. For example, there are many structural changes in skeletal muscle that occur with age, including increased fat and connective tissue within skeletal muscle, loss of motor units, and the loss of type II muscle fibers (29) . This loss of type II muscle fibers may be particularly important with regard to the influence of the ACTN3 R577X SNP in elderly persons, as ACTN-3 is expressed in this fiber type only. A significant loss of type II fibers would have a much greater influence on muscle function than would merely a lack of ACTN-3 expression alone, and would amplify the importance of type I skeletal muscle fibers in physical functioning. In addition, recent research has found that type IIx fiber number is lower in X-homozygotes than in R-homozygotes (14) . Other recent findings (30) in ACTN3 knockout mice indicate that metabolic and structural properties of type II skeletal muscle fibers change to favor endurance performance. These data suggest a mechanistic pathway by which the ACTN3 genotype may influence muscle performance. However, these findings have not been confirmed in older adults. Further exploration of the functional contributions of the ACTN-3 protein would help to clarify whether this polymorphism should continue to be investigated with regard to its association with physical performance.
Although there are numerous strengths of the current investigation, there are several potential limitations that should be addressed. First, the MrOS cohort should not be considered a true validation cohort for the Health ABC cohort based on current standards (31), as not all of the phenotypes were the same or measured in the same way and the MrOS sample did not include women. However, a Notes: Values are LS means 6 standard error of the mean adjusted for baseline age, body mass index, comorbidity, alcohol use, smoking status, physical activity, study site, baseline values, and body weight change. *Missing data points: 100 for peak power, 103 for muscle power quality, 12 for grip strength, 39 for five chair stands, and 7 for 6-meter walk.
y Missing data points: 172 for peak power, 173 for muscle power quality, 22 for grip strength, 52 for five chair stands, and 18 for 6-meter walk.
z Missing data points: 71 for peak power, 72 for muscle power quality, 13 for grip strength, 38 for five chair stands, and 11 for 6-meter walk. § Peak power of both legs using the Nottingham Power Rig. meaningful genetic influence should be strong enough to capture closely related phenotypes. Second, there was some loss to follow-up in both cohorts that may have biased our results. However, the X-homozygote genotype frequency in both the baseline and follow-up subsamples were ;20%, suggesting that this loss to follow-up was unlikely related to ACTN3 genotype. Third, skeletal muscle and performance phenotypes are complex phenotypes that are influenced by environmental/lifestyle factors and numerous genetic factors. We did not consider the entire complement of candidate gene polymorphisms in the present analysis. There are likely complex Gene 3 Gene and Gene 3 Environment interactions not yet explored that could help to explain interindividual variability in muscle phenotypes. Finally, although the length of follow-up observed in the present investigation has been shown to be long enough to observe significant phenotype changes in older adults (21, 32, 33) , a longer follow-up interval may be necessary.
Summary
Although the ACTN3 R577X polymorphism was associated with two longitudinal measures of physical functioning, it does not appear to play a strong or consistent role in the age-related declines in physical functioning in older adults. Additionally, the ACTN3 R577X polymorphism does not appear to play a significant role in baseline skeletal muscle phenotypes in the general population of older adults. Continued examination of this candidate gene is warranted for intervention studies, as this gene has been shown to explain a greater proportion of trait variance in response to interventions such as resistance training (4, 9) . Additional studies with a longer follow-up in older adults and with measures that are more specific to type II muscle fiber functioning, such as peak movement velocity, may also help to determine if this polymorphism plays a significant role in muscle function in the aging process.
